Abstract. Recent discovery of Ds states suggests existence of radial excitations. Our semirelativistic quark potential model succeeds in reproducing these states within one to two percent of accuracy compared with the experiments, Ds0(2860) and D * s (2715), which are identified as 0 + and 1 − radial excitations (n = 2). We also present calculations of radial excitations for B/Bs heavy mesons. Relation between our formulation and the modified Goldberger-Treiman relation is also described.
Introduction
BaBar has recently announced the discovery of a new D s state, which seems to be cs state, [1] D s0 (2860). Subsequent to this experiments Belle has observed a new state of D * s (2715) whose spin and parity is determined to be 1 − . [2] We were the first in predicting 0 + and 1 + states of D s and D particles, D s0 (2317), D s1 (2460), D * 0 (2308), and D ′ 1 (2427), [3] , and we have also succeeded in reproducing higher resonances of B/B s particles, B 1 (5720), B * 2 (5745), and B * s2 (5839), [4] using our semirelativistic quark potential model. Our model succeeds in lowering 0 + and 1 + states of D s so that these mass values are below DK/D * K threshold which other models do not easily succeed. This model respects both heavy quark symmetry and chiral symmetry in a certain limit of parameters, [5] which relates our formulation with the idea of the modified GoldbergerTreiman relation proposed in Refs. [6, 7] . Hence it is natural to try to explain the newly discovered D s states by using our semirelativistic model and we are again successful in reproducing these states discovered by BaBar and Belle.
To interpret the state D s0 (2860), there are arguments that this cs state is explained to be a scalar by a coupled channel model [8] , or that it is a J P = 3 − state [9] , or that it can be explained by using a phenomenological interaction terms like our quark potential model, [10] or that it can be analyzed by using the 3 P 0 model. [11] Starting from the astonishing discovery of D sJ particles with narrow decay width by BaBar and CLEO, and confirmed by Belle, a series of successive experiments on the spectrum of a heavy-light system, i.e., heavy mesons, heavy quarkonium, and heavy baryons, stimulates theorists to explain all these spectra as well as their decay modes. See the recent reviews of Refs. [12, 13] . It seems that a new era of spectroscopy is opening, which is challenging to theorists to solve these spectra at the same time.
Numerical Calculation
Our model starts from a Hamiltonian with a scalar confining potential together with a Coulombic vector potential, we expand the whole system, i.e., Hamiltonian, wave function, and eigenvalue is expanded in 1/m Q , and we solve equations order by order consistently. In the actual numerical calculation, we expand a wave function in a power series of relative coordinate with some weighting exponential times power functions. A wave function has positive components of a heavy quark due to the lowest order constraint when expanding in 1/m Q and four components of a light antiquark. Thus the lowest eigenfunction is two by four matrix. Other than angular part, its radial part can be written like below.
where k is a quantum number of an operator, −β q (Σ q · L + 1) with Σ q light quark spin and L light quark angular momentum, which distinguishes uniquely each state [3] , for instance, k = −1 for a spin multiplet (J
and v k (r) are upper and lower components of radial wave functions, and λ =
2 , where a and b are included in a scalar potential as S(r) = r/a 2 + b, α s is a strong coupling, and w k (r) is a finite series of a polynomial in r, w k (r) =
i , which takes different coefficients for u k (r) and v k (r). In actual calculation, we have used N = 7. Hence we can in principle obtain seven different radial excitations.
In this paper, we calculate the most optimal values of parameters so that recently discovered and known n = 2 (the first radial excitation) D s particles are all fitted well around one percent of accuracy compared with the experiments. Here only a strong coupling α s is modified and other parameters are kept the same as in [4] , in which we have obtained α s = 0.261 both for D and D s . These are presented in Table 1 at the first order of calculation in p/m Q with p being internal quark momentum and m Q heavy quark mass.
With these values of parameters, we obtain n = 2 masses of D s and D at the same time. The results are shown in Table 3 for D s . We also predict n = 2 states for D, B, and B s states, which are shown in Tables 4, 5 , and 6 assuming the same strong coupling α s for D s , which may actually be different for B/B s particles. In these Tables, p i and n i are i−th order positive and negative component contributions of a heavy quark, respectively, and 
Mass Gap
Noticing the mass gaps between spin multiplets, (0 − , 1 − ) and (0 + , 1 + ) for D sJ mesons, are almost equal to each other, the modified Goldberger-Treiman relation is proposed by Bardeen et al. [6, 7] to understand the facts, i.e., the underlying physics might be chiral physics. In other words the mass gap is caused due to the chiral symmetry breakdown which is expressed by this relation. Further they have assumed hyperfine splittings due to breakdown of heavy quark symmetry (inclusion of 1/m Q corrections) are the same within two spin multiplets, (0 − , 1 − ) and (0 + , 1 + ), so that the mass gap is not affected by this hyperfine splitting.
In our formulation this is explained in Fig. 1. [5] Heavy quark symmetry reduces the original Hamiltonian into the one without spin structure after projecting wave functions into positive and negative components of a heavy quark. [3, 5] Chiral symmetry of a light quark is realized by taking a limit of m q → 0 and S(r) → 0, in which case all the members of two spin multiplets, (0 − , 1 − ) and (0 + , 1 + ), are degenerate. When the light quark mass and a scalar potential are turned on, then the degeneracy due to chiral symmetry is resolved and the mass gap corresponding to the modified Goldberger-Treiman relation is given by
where M 0 (k) is a degenerate mass for a quantum number k, which appears in Tables 3∼6 to distinguish states. This is described as ∆M =g π f π /G A in [6] . They have assumed dominant interaction terms for hyperfine splitting due to 1/m Q corrections so that mass gaps between 0 + − 0 − and 1 + − 1 − are almost equal to each other, which seems to hold in our formulation. Our hyperfine splittings due to 1/m Q to this mass gap ∆M are calculated and we have added those to degenerate mass gaps between 0
and B s with n = 1, which are given in Table 2 . Our dynamical calculation supports the assumption that the mass gaps between 0 + − 0 − and 1 + −1 − are almost equal to each other in the case of n = 1. In the second row of the same Table values for n = 2 are given, which is not as good as the case for n = 1.
(p/mQ corrections) Fig. 1 . Procedure how the degeneracy is resolved in our model. A quantum number k is defined in the main text. Table 3 . Ds(n = 2) meson mass spectra (first order). Units are in MeV. 1366 − Table 4 . D(n = 2) meson mass spectra (first order). Units are in MeV. 2759 − Table 5 . B(n = 2) meson mass spectra (first order). Units are in MeV. 5994 − Table 6 . Bs(n = 2) meson mass spectra (first order). Units are in MeV. 
